Steam injection has been employed in gas turbines for over twenty years. Initially the emphasis was on injection for small amounts of power augmentation and NOx reduction in the turbine exhaust gas.
More recently it has been used for massive power increases (more than 50% on some gas turbines) and efficiency improvements (more than 20%). Equipment selection, operation and economics are essential ingredients in producing the high-purity steam required in a steam-injected gas turbine cycle.
The most common means of producing steam for the steam-injection cycle is by means of a waste heat boiler operating in the turbine exhaust gas stream.
Steam generated in this boiler may then be injected into the compressor discharge, combustor or turbine sections of the gas turbine to improve performance. Manufacturers require extremely high purity steam for injection into their gas turbines; less than 30 parts per billion (PPB) of some contaminants is not an unusual requirement. If this steam quality is not obtained, serious damage can occur, particularly in the turbine hot section. To meet these stringent steam quality requirements without excessive amounts of boiler blowdown, it is necessary to provide highly demineralized makeup water to the boiler, i.e. less than 1 PPM TDS (Total Dissolved Solids). Low silica concentrations are particularly important since silica can vaporize at higher boiler pressures, pass through the moisture separators and deposit on turbine components. The selection of equipment required to produce high quality makeup water from various grades of raw water is critical to the successful operation of the steam injection plant. Because the steam cannot be recovered effectively, it is necessary to install a large water treatment system to provide the quantities of makeup required for steam injection. Equally critical to the cycle is the type of drum moisture separation used in achieving manufacturers' recommended steam quality.
Just as the steam injection cycle has a dramatic impact on the economics of a gas turbine power plant, so too do the operation and selection of steam purification equipment influence the overall economics of the steam injection cycle.
ADVANTAGE OF STEAM INJECTION
The advent of industrial gas turbines operating at high compression ratios in the past decade has led to the use of steam injection to improve gas turbine performance. As the performance data for a typical gas turbine in Figure 1 (Reference 5.) indicate, increase in compression ratio alone can improve gas turbine cycle efficiency from 28% to 35%, while the combination of increased compression ratio and massive steam injection (10-20% of air flow) improves efficiency from 28% to 43%. In the future, intercooled steam-injected turbines are expected to produce electric power at efficiencies exceeding 52%. At the same time steam injection is improving efficiency by over 20%, total power output has increased by over 50%. These performance improvements have been demonstrated on existing gas turbines with 12-15% steam/air flow ratios. Only minor modifications in the turbines are necessary to adapt them for steam injection. Improved performance results from increased gas path mass flow, steam cooling of the compressor discharge flow, reduced temperature in the turbine cooling circuits and reduction of NOx when steam is injected into the fuel nozzles. Total cost for these performance improvements is typically 10% over the cost of the same simple cycle gas turbine. Figure 2 shows the impact of steam injection on the power output of a GE LM5000 gas turbine. The LM5000 is ideal for steam injection because of its high 30:1 compression ratio. High pressure steam is injected at 750 PSIG (51 70 kPa)/600 F. (315 C.) and low pressure steam at 300 PSIG (2070 kPa)/500 F. (288 C.). Most of the massively steam-injected gas turbines in service today are aero-derivative engines because they operate at higher compression ratios than the heavy duty industrial turbines. Operating experience has demonstrated that the turbine hot section components actually sustain less deterioration with massive steam injection than with small amounts of water injection used for NOx reduction.
TYPICAL STEAM INJECTED GAS TURBINE CYCLE
Most steam-injected gas turbines are installed in cogeneration plants where the waste-heat-generated steam can either be injected into the turbine or exported to a nearby plant for use as process steam. Figure 3 shows a typical heat balance for such a cogeneration plant. While some of the steam is being exported to the mill in this figure, it is possible to inject all the steam which can be produced by the heat recovery boiler into the gas turbine. Note that steam is produced at three pressures in this cycle. The high pressure steam is injected into the turbine high pressure compressor discharge ports and fuel nozzles, the intermediate pressure steam is injected between the high and low turbine sections of the two-spooled LM5000 machine, and the low pressure steam is used to deaerate the feedwater needed to generate steam produced in the HP and IP boilers.
INJECTION STEAM PURITY REQUIREMENTS
In order to address allowable limits for contaminants in steam to be injected into gas turbines, it is necessary to quantify the amounts of contaminants entering the turbine from all sources, i.e., inlet air, fuel, water (if injected) and steam as the damage to the turbine and combustor is a function of the total concentration of contaminants in the combustion gases regardless of the source. (Reference 6.) The contaminants listed in Table 1 A SS   225 31583  WATER  429  6 128127  70  38  300 7652  542 1261  300 20020  15 21210  300 23931  542 1281  250 1164  421 1203  773  15  300  516 1199  1173766  250 1164  421 1203  DEAERATOR  301 201  LP DRUM  IP DRUM  HP  750 such as a waste heat boiler where it forms sulfurous and sulfuric acid.
Air Purity
The contaminants in most ambient air are closely approximated in size distribution by standardized air cleaner test dust. To clean the inlet air on most sites, Energy Services employs two banks of Farr HP-200 filters in series upstream of the turbine inlet plenum. The chief purpose of such high-performance filtration is to reduce the down time on a based-loaded cogeneration or steam injection unit by eliminating turbine compressor fouling and lengthening the intervals between water washes. The effect of high-efficiency air filtration is illustrated in Table 2: Assuming a range of dust loading, the actual amount of contaminant entering an LM5000 gas turbine with the 250,000 ft. Applying the removal efficiencies given in Table   2 , the airborne contamination actually reaching the turbine is:
Dust Loading Concentration
Average (50 µgm/M 3 ) .0003 PPB Heavy (150 µgm/M 3 )
.0009 PPB Extremely Heavy (300 µgm/M 3 )
.0018 PPB
As the results indicate, the worst case scenario only allows .0018 PPB of airborne contaminant to reach the turbine. Since this is less than .01% of the 18 PPB limit stipulated for aeroderivative engines in Table 1 , it is safe to assume that airborne contamination using two sets of HP-200 filters in series is negligible. Two exceptions to the foregoing analysis should be noted. If dust loading of the air exceeds 300 µgm/ M 3 , inertial removal devices should be used upstream of the HP-200, high efficiency filters to reduce loading to under 300 µgm/M 3 . For example a desert environment might demand such precautionary measures. The second consideration involves an atmosphere in which large concentrations of 0.2-0.6 micron unburned hy-drocarbons are present. Heavy industrial locations with equally heavy highway traffic will sometimes produce such an environment. For these fine aerosoltype contaminants, a coated, self-cleaning, canistertype filter must be used in conjunction with a single bank of HP-200 filters to achieve an air purity of .0003-.0018 PPB as in the cases cited in the analysis.
Fuel Cleanliness
In the current world energy situation, most baseload, steam-injected gas turbine sites operate on natural gas fuel because it burns cleaner and is price competitive with liquid fuels. The only contaminant present in gas fuel is sulfur, and it is found in such low concentrations in most U.S. pipeline-quality natural gas that it is not considered harmful to the turbine hot section. If the steam-injected turbine is to operate on liquid fuel, the sum of the fuel-borne vanadium and sodium and that encountered in the steam must not exceed the limits in Table 1 .
For purposes of this analysis, it is assumed that contaminants in both the turbine inlet air and the natural gas fuel may be neglected in establishing acceptable steam quality.
Steam Quality
The limits for steam quality established by GE for injection into a typical aircraft-derivative gas turbine are given in Table 3 . As noted previously, it is assumed that none of the contaminants listed are introduced with either the inlet air or the fuel gas. (Reference 6.) The makeup water entering the deaerator in the heat balance shown in Figure 3 is conditioned in a water treatment system. The types of treatment systems which lend themselves to steam injectionquality water eliminate every contaminant listed in Table 1 except sodium (Na) and silica (SiO 2 ). The systems utilize a polishing mixed bed which reduces sodium to 0.2 PPM and silica to 0.01 PPM in the product water. The mechanisms through which these contaminants affect turbine components vary widely. Sodium is carried over as a solution in moisture particles which leave the HP and IP steam drums shown in Figure  3 . Some of the sodium coats out on the boiler superheater, but the velocity of the steam passing through the superheater carries much of the sodium into the gas turbine where it coats turbine components. This layer of molten sodium on the 1400 F. (760 C.) material in the turbine hot section prevents the normal formation of the protective oxide coating on the blade surfaces. The subsequent hot corrosion can occur in components at temperatures as low as 1 1 12 F. (600 C.).
Silica on the other hand does not have to be carried over in water particles from the steam drum. It actually vaporizes at the 750 PSIG (5170 kPa)/saturated condition of the boiler drum and carries over as a gas. Figure 4 shows the ratio of silica carryover in the steam versus the concentration of silica in the drum at various steam pressures. At 750 PSIG (6170 kPa) and a typical drum water pH of 10, the ratio of silica in the steam to that in the drum is approximately 0.1%. Thus to maintain silica concentrations in the steam below the limit of 20 PPB (parts per billion) given in Table 3 , the silica concentration in the boiler drum water must be less than 20 PPM (parts per million).
Silica does not create a corrosive environment but it can cause just as much damage to the turbine by coating out on the hot section surfaces and blocking cooling ports. Although the turbine gases in this region of the turbine are well in excess of the vapor temperature of silica, the silica molecules have a tendency to join together in 100 angstrom clusters in a phenomenon called particle condensation. An example of such clusters is illustrated in Figure 5 . (760 -815 C.). The silica coating reduces flow through cooling air ports and drives metal temperatures up, reducing blade and vane strength and ultimately precipitating failure. Once the silica clusters have bonded to the hot section turbine components, they cannot be washed off during regular water wash intervals. Silica has however been observed to "mudcrack" during repeated cycling and flake off after a period of time if no additional silica is introduced into the turbine.
Sodium and silica have limits of 30 PPB and 20 PPB respectively in the steam as indicated in Table 3 . Although the water treatment system eliminates virtually all solids in the injected steam except sodium and silica, it should be noted that there is a limit on total solids. This limit is a function of the steam to fuel ratio as shown in Figure 6 .
To produce the quality of steam specified in Table 3 , the makeup water supplied to the heat recovery boiler must be treated to remove contaminants. Once the treated makeup is fed into the boiler, the drum must be blown down and chemically treated to maintain solids concentrations and boiler chemistry in a state which will produce high purity steam and protect the boiler internals. Finally in order to minimize the carryover of drum water droplets in the steam, mist eliminators are placed in the path of the steam as it leaves the drum. An explanation of these processes and a guide to the judicious selection of systems to meet the steam injection requirements for a typical aeroderivative gas turbine for a broad spectrum of raw water qualities follows. The water treatment plants analyzed have a capacity to produce 350 gallons of
MAXIMUM STEAM TO FUEL RATIO (Total HP or Total LP Steam Flow) FIGURE 6 -ALLOWABLE TOTAL SOLIDS IN STEAM OF STEAM-INJECTED TURBINE
water per minute (22 liters/sec.) from which 130,000 LB/HR (59,000 KG/HR) of steam is generated and injected into a gas turbine in a system similar to the one depicted in Figure 3 .
TYPE OF WATER TREATMENT EQUIPMENT AVAILABLE
Equipment selection, operation and economics are essential ingredients in the production of the high purity water required to generate the quality of steam necessary for a steam-injected gas turbine cycle. Developers of gas turbine cogeneration plants often attempt to employ a standard plant design that can be used on multiple sites. One problem with this approach arises in the area of water treatment. The water treatment design is site specific and many times depends on TDS (Total Dissolved Solids), type of water supply and discharge restrictions.
To help eliminate some of the mystery in the selection of the water treatment equipment, two systems are considered. Either one or both of these systems can satisfy the water requirements of most steam injection applications .
Different modes of operation will be examined to determine the optimal system for four different levels of TDS. The selections are based on a capital cost estimate, an operating cost estimate and equipment summary. All costs will be presented in dollars per 1000 gallons (3785 liters) of water produced for ease of evaluation.
Water Treatment System #1 includes pretreatment using multi-media and carbon filtration followed by a two-bed demineralizer system (cation/anion) and a water storage tank. From the storage tank, water is transferred by pump to a polishing mixed bed demineralizer system.
Treatment System #2 consists of pretreatment using carbon filtration, followed by a water softener and a two-stage reverse osmosis system with both an anti-scaling polymer and optional acid feed. In addition a 5-micron cartridge filter must be provided to protect the R.O. membrane. From the water storage tank, water is transferred by pump to a polishing mixed bed demineralizer.
Both systems have been used in many applications in the U.S. for the production of high purity water.
Selections are based on the influent water quality. A mixed bed demineralizer is always required in order to obtain the desired water quality for steam injection. The polisher requirements are based primarily on the need to remove silica in the water. The silica in the boiler water has a direct effect on the silica concentrations in the steam injected into the gas turbine ( Figure 4 ).
An important consideration in treatment plant designs is the location of the water storage tank. This large storage tank is often located after the polishing mixed bed demineralizer. At this location, the purified water is subjected to deterioration due to CO 2 saturation, airborne organics and leakage due to erosion of the storage tank. By locating the tank between the pretreatment equipment and the post treatment equipment the water can be polished, removing dissolved impurities prior to final use. Another advantage to the intermediate storage tank location includes recirculation from the tank through the polishing mixed bed demineralizer. This enables the mixed bed to run constantly at minimum flow and maintain the best water quality possible.
WATER TREATMENT EQUIPMENT PROCESS OVER-VIEW AND DESIGN
The proper selection of equipment for the water purification system is never easy. Many times there are several good alternatives which result in the same water quality. These choices are based upon capital cost, operation cost and ease of operation. Depending upon the actual type of feed water entering the water purification system, additional pretreatment may also be required to meet the water quality specifications. Raw water quality for the four samples is given in Table 6 . Table 4 -Equipment Summary presents details for the water treatment equipment required to meet the design criteria using System #1 as illustrated in Figure 7 .
The regeneration water for the anion demineralizer was calculated and added to the throughput of the cation demineralizer. The cation demineralizer throughput is limited by the ionic load to the anion demineralizer. passing the solution through a multi-media filter.
Thruput, x 1000 gal 3,333 3,333 3,333 3,333
The major advantage of this filter is turbidity single-media filter. This makes possible operation at much higher flow rates, the use of smaller diameter vessels and the resulting substantial reduction in the Table 5 is an Equipment Summarywhich presents amount of backwash water required in terms of both details for the water treatment equipment required to flow rate and total volume. meet the design criteria using System #2 as illustrated in Figure 8 . Activated carbon is a unique material, which via a phenomenon known as adsorption can remove a wide variety of organic and, to a lesser extent, inorganic species from gases and liquids. Because of this broad range of affinities, carbon is a widely accepted medium in the water treatment industry for the removal of free chlorine and organic contaminants.
ACTIVATED CARBON FILTER
Because the reaction rate is greater between the carbon and free chlorine than between the carbon and organics, the flow rate can be much higher when chlorine removal is the primary objective. In instances where both chlorine and organics are to be removed, the organics will always exhaust the carbon before chlorine exhaustion in all conventional applications. Where chlorine removal is the primary objective, the level of organics in the feedwater does not significantly affect the chlorine capacity.
WATER SOFTENER
The softener's primary purpose is to remove hardness, usually calcium and magnesium, from the process water. Cations in the water passing through the bed of cation resins bond to the resin by exchange and will release a positively-charged sodium cation into the effluent.
The resin is regenerated by passing a brine (sodium chloride) solution through it, which will effect a reversal of the exchange and recharge the resin with its original Na+ ion. Resin used in the softener has a higher selectivity for the calcium than magnesium, therefore, the magnesium will be the first ions released when hardness breaks. When the salt dosage is increased (more pounds per cubic foot), the capacity will increase and the hardness leakage will diminish. However, there is a point of dosage where it becomes uneconomical to use more salt.
When hardness appears in the effluent, it is advantageous to immediately remove the softener from service and regenerate it. If "overrun" it will have a shorter service life and higher hardness leakage on the next service cycle.
The addition of the water softener as pretreatment may eliminate the need for an acid feed system and a forced draft aerator system.
CARTRIDGE FILTER
Cartridge filter(s) are provided as pretreatment for the reverse osmosis system to further reduce the suspended solid load thereby decreasing the silt density index (SDI) and turbidity. The cartridge filter element should be rated at 2-3 gpm (0.13-0.19 liter/ sec.) per element per 10" (254 mm) length and should be constructed of polypropylene.
REVERSE OSMOSIS
The principle of osmosis is simple. Picture a membrane with two sides, right and left. The water on the right side of the membrane has a lower osmotic pressure because it is "diluted" by NaCI. Another way of expressing this is that the left side of the membrane has only H 2 O molecules, whereas the H 2 O molecules on the right side of the membrane must compete with the sodium and chloride ions for position at the membrane surface. The membrane is selective so that only the H2O can pass. As a result of the greater bombardment of H2 O molecules from the left side, water flows from left to right until the H 2 O molecules on the right side are sufficiently energized (as the result of increased pressure) to equalize the pressure exerted by the pure water. The difference in height of the liquid on each side of the membrane represents the difference in osmotic pressure. Thus, the reduction in the osmotic pressure of a water solution is proportional to the salt concentration.
If a force is exerted on the liquid on the right side of the membrane, the water will diffuse through the membrane to the left side. This is known as Reverse Osmosis. As the water leaves the right side, the concentration of salt increases with a corresponding decrease in the osmotic pressure of the right side. Thus, the higher the percentage of purge water that is extracted from the salt solution, the greater the pressure that must be exerted on the right side. The force (pressure) required to operate a reverse osmosis system includes the difference in osmotic pressure (just described), the force required to overcome frictional losses resulting from the the water passing through the membrane and the discharge pressure at the outlet of the system. difference in osmotic pressure pump pressure = frictional loss through membrane discharge pressure required Reverse osmosis is then simply a process in which water under pressure (on the order of 200-400 psi) is forced through a semipermeable membrane. Newly-developed membranes have controlled porosity which will reject most dissolved minerals, particulate matter and organics, while allowing the water to "permeate" through the membrane.
A typical system will produce 75% product water and 25% concentrated waste solution. In other words, for every gallon of raw water input, the system will produce three (3) quarters of a gallon of purified water (a higher percentage of product is possible in many cases). Currently, some facilities have achieved an 85% conversion rate. Approximately 1% to 10% of the ions present in the raw water will remain in the product water.
A major consideration in the reverse osmosis (RO) unit design is fouling. Membrane fouling is caused by particulate and colloidal material which is present in the water and becomes concentrated at the membrane surface. The concentration of the fouling materials at the membrane surface increases with increasing permeate flux (product water) and increasing element recovery. A system designed with high permeate flux rates is therefore likely to experience higher fouling rates and require more frequent chemical cleaning.
The Silt Density Index (SDI) value of the pretreated water correlates fairly well with the amount of fouling material present. For most conventional RO systems the SDI should be less than 5.
Only experience can set the limits on permeate flux and element recovery for different types of waters. The feed water is usually city water but may be a blend of surface and well water. Alum, chloramines and more recently chlorides are typically used by the city as pretreatment. These chemicals sometimes cause membrane fouling of the RO system. This application employs a thin film composite membrane because of its good performance and its ability to withstand organics. Assume a 10% ion leakage from the water sample into the permeate for design purposes.
THEORY OF ION EXCHANGE BY DEMINERALIZATION
Many process liquids contain dissolved minerals which, depending on the type and amount of mineral and the intended use of the liquid, may make the liquid unsuitable for use. Deionization equipment, operating on the principle of "Ion Exchange", removes these minerals.
When some minerals dissolve in a liquid, electrically-charged particles called ions are formed. Half of these ions will have "positive" charges and are termed cations. The balance of the ions will have "negative" charges; these are called anions. Principle ions involved in liquid treatment are:
The combination of any of these cations (except hydrogen) with any one of the anions forms a mineral salt. The combination of hydrogen with any of the anions (except hydroxide) forms an acid.
There are practically an infinite number of combinations of cations and anions, but excluding surface water supplies (lakes and rivers), these combinations will be relatively constant for a given source. In the case of a lake and river supply, however, there is usually some variation in the mineral content depending upon the season of the year.
ION EXCHANGE RESINS
Ion-exchange resins are materials which have the special ability to remove an undesirable ion from the liquid and to substitute a less troublesome ion in its place. Although there are many types of resin available, they all fall into one of two general categories: Cation resin and anion resin.
These two types of resin are made of the same basic materials -plastic polymers which resemble tiny beads. Each bead of resin contains thousands of chemically active sites, called functional groups, which are permanently attached to the bead. Each functional group has an electrical charge. The functional groups on a cation resin bead have a negative (-) charge, and the functional groups on an anion bead have a positive (+) charge.
Since opposite charges are attracted to each other, positively-charged cations are attracted to the cation resin (because of its negatively-charged functional groups), and the negatively-charged anions are attracted to the anion resin (because of its positivelycharged functional groups).
CATION EXCHANGE REACTIONS
In the deionization process, the cation resin starts out in the hydrogen form. This means that hydrogen cations are attracted to and retained by the cation resin. Let (H+) represent the hydrogen ion and (R-) represent the cation resin. Thus, (R-.H+) represent the hydrogen form of the cation resin.
When the process liquid passes through the cation resin (R-.H+), the resin exchanges its hydrogen ions (H+) for other cations, mainly sodium (Na+), calcium (Ca++) and magnesium (Mg++) present in the process liquid. This is due to the relatively stronger positive charge on the cations in solution.
The anions that were originally attracted to the Na+, Ca++, and Mg++ cations now attach themselves to the hydrogen ions that have been displaced from the resin. This exchange, in effect, converts the mineral salts that were in the liquid to their corresponding acids.
Mineral Anion Resin Cation Resin Salts (H+)Form Exhausted Form Acid
NaCI + R-.H+ = R-.Na+ + HCI CaSO, + 2(R-.H+) = (2R-).Ca++ + H 2 SO4 Mg(NO3 ) 2 + 2(R-.H+) = (2R-).Mg++ + 2(HNO3 )
ANION EXCHANGE REACTIONS
The process liquid, having been cation-exchanged and containing the acids discussed above, now passes through the anion resin, which is in the hydroxide form. Let (OH-) represent the hydroxide anion, (R+) represent the anion resin and (R+.OH-) represent the anion resin in the hydroxide form.
When acids from the cation resin pass through the anion resin in the hydroxide form (R+.OH-), the resin exchanges its hydroxide (OH-) anions for other anions, mainly chloride (Cl-), sulfate (SO4 --) and nitrate (NO3 -). The hydrogen (H+) ions that were attached to these other anions (Cl-, SO4 --and NO3 -) now attach themselves to the hydroxides (OH-) that were displaced from the anion resin thus converting the acids from the cation resin into pure water. In summary, cation and anion exchange resins, when operated in series, are capable of removing all the mineral salts from a process liquid. Cation resin, having negative functional groups, will exchange one cation (positively -charged ion) for another, while anion resin, having positive functional groups, will exchange one anion (negatively -charged ion) for another. As the process proceeds, complete deionization (complete removal of mineral salts) is achieved, yielding pure water.
The ion exchange processes discussed thus far are completely reversible. This conversion process is called "regeneration".
PRINCIPLES OF REGENERATION
The volume of process liquid that can be deionized by a given quantity of resin is limited. After a period of time, the ability of the resin to remove unwanted ions decreases and some of the unwanted ions slip through to the product. When enough unwanted ions enter the product, rendering it unsuitable for use, the resin is said to be "exhausted". When "exhaustion" occurs, the resin must be "regenerated", that is, stripped of unwanted ions and placed back in the starting ionic form.
CATION REGENERATION INFLUENT WATER QUALITY ANION REGENERATION
When anion resin exhausts during typical operation, about half of the resin is still in the hydroxide (OH-) form. The other half is in ionic forms such as chloride (Cl-), sulfate (SO4 --) and nitrate (NO 3 -). The resin is then regenerated with sodium hydroxide (NaOH) forming (OH-) so that deionization can start once again.
When the basic solution passes through the anion resin, the resin exchanges its other anions (Cl-, SO4 --andNO3-) for the hydroxide (OH-) anion in the base. The cations that were attached to the hydroxide (OH-), now attach themselves to the other anions that were displaced from the resin. This exchange, in effect, converts the base used from regeneration into its corresponding mineral salt, which is sent to waste. 
REGENERATION SUMMARY
In summary, the cation resin is regenerated with (H+) ions from the acid, while the anion resin is regenerated with (OH-) ions from the base. Both resins may then discharge mineral salts to drain after neutralization. After regeneration, the resins are ready to perform another service cycle.
When cation resin becomes exhausted during normal operation, about half of the resin is still in the hydrogen (H+) form. The other half is in ionic forms such as sodium (Na+), calcium (Ca++), and magnesium (Mg++). To place the cation resins completely back in the hydrogen form (H+) so that deionization can start once again, the resin is regenerated with hydrochloric (HCI) or sulfuric (H 2 SO4) acid.
When the acid passes through the cation resin in the regeneration process, the resin exchanges its other cations (Na+, Ca++ and Mg++) for the hydrogen (H+) cations in the acid. The anions that were attached to the hydrogen cations in the acid, such as chlorides (Cl-) and sulfates (SO4 --), now attach themselves to the other cations that were displaced from the resin. This exchange, in effect, converts the acid used for regeneration to its corresponding mineral salts, which are sent to drain. 
The proper operation and performance of this water purification equipment depends upon the quality of the water being treated. Water containing excessive amounts of suspended matter will plug the equipment prematurely and require frequent cleanup. In general, the process feed water should be relatively clear and free of visible solids (mud, clay, organic matter, particulates, pipe scale and/or rust).
Feed water quality should meet the listed minimum standards.
Less than 5 color (APHA units), less than 0.2 PPM chlorine, and less than 1 PPM organics by 02 consumed. If not, a carbon filter is required.
Iron and manganese level combined must be less than 0.3 PPM. If not, an iron filter is required.
3. Turbidity level less than 6 NTU. If not a multi-media filter is required. 
5.
Silt Density Index (SDI) less than 5.0.
DESIGN WATER QUALITY
To provide a perspective on the capital and operating cost associated with different water quality, four water samples from different sites have been selected. The water samples range from a low ionic level of 50 PPM to a very high level of 600 PPM. Note: All units are expressed in ppm as CaCO 3 except those marked with an ('), they are expressed In their standard units.
Sample #1 was taken from the Merrimack River in Merrimack, NH. Sample #2 was taken from a city supply in Poughkeepsie, NY. Sample #3 was taken from a well water supply blended in the Mississippi River water in Illinois. Sample #4 was taken from a water supply in Oxnard, CA. Figures 7 and 8 will be evaluated using all four samples. For comparison the following assumptions are made.
Both systems illustrated in
Two-bed conductivity = 20 micromhos/cm. Reverse Osmosis leakage = 10% of influent. Polishing Mixed Bed = 1.0 micromho/cm. 4. System flow of 350 gpm product required based on a typical 50 MW LM 5000 gas turbine steam injection requirements. 5. System design at 100% capacity.
EFFLUENT WATER QUALITY
To meet these stringent steam purity standards, the equipment outlined in the previous paragraphs is required. Use of both System #1 and System #2 results in the following effluent quality.
Silica as CaCO3 equal to or less than 0.01 PPM. Sodium as CaCO3 equal to or less than 0.2 PPM. TDS as ion equal to or less than 0.2 PPM. pH in the range of 6-8.
The systems presented earlier are capable of achieving the above required water quality. Both systems require the use of a polishing mixed bed demineralizer to obtain desired purity.
EQUIPMENT CAPITAL COST
When evaluating the best water treatment equipment for an application, one must consider the purchase price. In fact, many times capital cost is the major consideration on the purchase. This approach to selection of the proper system is short sighted and often misleading. Today's owners and engineers are better educated and evaluate the purchase based on a Price Value Formula. This price value formula includes evaluation of equipment selection, operating cost and maintenance cost as well as the capital purchase price. Figure 9 illustrates the present cost of equipment in dollars vs. total dissolved solids (TDS) expressed in PPM as CaCO3 to produce 350 GPM of product for the four water samples from the four different sites. Figure 9 demonstrates that the TDS has a strong influence on the purchase price and selection of equipment. On the basis of capital cost only, a general rule of thumb would be that at a TDS of 150 PPM or less, two-bed demineralization followed by a polishing mixed bed demineralization is the optimum system. When the TDS ranges from the 150 PPM to 300 PPM it becomes a toss-up between two bed demineralization and reverse osmosis. Many times the selection and cost will vary based on cost of water, chemicals, maintenance and experience of the facility with either process. Once the TDS levels reach 300 PPM the choice is quite clear, the optimum selection should be reverse osmosis with a polishing mixed bed demineralizer. Another major consideration in the RO selection however, may be the amount of pretreatment required to properly treat the raw water. If, for example, there are high amounts of iron, a greensand filter may be required, or if high levels of alkalinity exist, then a forced-draft aerator would be required to reduce CO2 generated by acid feeding.
OPERATING COST EVALUATION
Many factors affect the operating cost of a water treatment system, and many times the true cost of owning and operating are not really known until the plant has gone through several years of operation.
For evaluation purposes, Figure 10 illustrates the cost associated with operating System #1 at the various TDS levels. Likewise, Figure 11 illustrates the cost associated with operating System #2. Both systems are evaluated for the water samples at the Water quality at the four sites is presented as TDS has a major impact on the operating cost and maintenance of a water purification system. 
BOILER WATER CHEMISTRY
Once the boiler makeup water is treated to eliminate all but 0.01 PPM silica and 0.2 PPM sodium (asCaCO3 ) resulting in a TDS of 0.2 PPM (as ions), it is pumped into a deaerator where it is mixed with steam and raised to its saturation temperature thereby releasing the dissolved oxygen and carbon dioxide (noncondensables) to the atmosphere. While the feedwater is in the deaerator storage tank, a chemical is injected to scavenge the oxygen which remains after the deaeration process. Oxygen content before the addition of a scavenger should be less than 7 PPB. Erythorbic acid and hydrazine are two excellent oxygen scavengers which volatilize with the steam and thus do not increase drum TDS; at the same time these scavengers remain gaseous and harmless as they pass through the elevated temperature regions of the steam-injected gas turbine. The boiler feed pump pressurizes the feedwater and pumps it into the boiler drums as shown in Figure 3 . Once the feedwater reaches the drums and begins to vaporize, the solids in the drum become more concentrated. In order to prevent these concentrated solids from adversely affecting the steam quality, three steps must be taken: 1) chemicals must be injected into the drums to control pH and precipitate solids, 2) the boiler must be blown down (drained) to prevent overconcentration of solids in the water and remove precipitate and 3) water droplets must be removed from the steam to prevent carryover of contaminated drum water into the steam piping and subsequently into the engine.
To prevent either acid corrosion or caustic attack of internal boiler surfaces, it is necessary to maintain the pH within the range of 9.0 to 10.0. The product of the mixed beds employed in both the water treatment systems needed to produce the required steam-injection quality water generally falls in the pH range of 7.0-7.5. Since this pH could result in localized acid pitting of the boiler internals, a chemical injection program must be implemented to raise pH into the 9.0 -10.0 range. One means of raising the pH is through the injection of a coordinated sodium phosphate solution. The term coordinated phosphate comes from the fact that it is necessary to maintain an excess of phosphate ions to prevent the release of excessive quantities of hydroxide ions which attack the boiler surfaces. The phosphate added to the boiler water also combines with hardness producing a sludge; this sludge is removed by periodically blowing down the boiler mud drums or lower headers.
Additional pH control in the boilers is accomplished by means of a neutralizing amine such as morpholine or cyclohexylamine. Usually this amine is injected with the oxygen scavenger directly into the deaerator before the feedwater is pumped into the boilers. The advantage of the amines over alkali such as soda ash or caustic soda is that they vaporize and pass out of the drum with the steam. Like the volatile oxygen scavengers these vapors pass harmlessly through the heat recovery boiler and turbine.
BLOWDOWN AND MIST ELIMINATION
In addition to the periodic (usually once a day) bottom blowdown necessary to remove suspended solids which have settled into the lower regions of the heat recovery boiler, continuous surface blowdown of each drum is also necessary to maintain dissolved solids at a concentration which prevents drum carryover from exceeding the limits established in Table 3 . Continuous blowdown at the surface of the drum water level is preferable because this is the region where the dissolved solids become most concentrated as the steam bubbles escape from the water.
Since the concentration of contaminants and chemicals entering the drum has been established, it only remains to choose an optimum combination of blowdown flow and mist eliminator efficiency to produce the quality of steam specified in Table 3 .
The graphs of total owning and operating costs for water treatment indicate that an optimum system for most steam injection situations produces treated water at a cost of approximately $3/1000 gallons. It is possible to calculate the cost of blowdown assuming the following additional conditions: The cost of blowdown to produce 100,000 LB/HR (45,350 KG/HR) of 750 PSIG (5170 kPa)/600 F. (315 C.) steam needed for injection into a gas turbine is given in Figure 15 .
While blowdown costs are incurred primarily as a cost of energy and are thus strictly an operating cost, the cost of mist elimination is entirely a function of capital expenditures for the mist elimination equipment. Figure 16 , prepared by Otto York Company, illustrates the installed cost of mist elimination as a function of carryover. The more moisture that is removed from the steam, the more expensive the mist elimination system . Also, as the steam pressure drops and the specific volume increases, the eliminators must handle higher volumetric flows and thus must be increased in size and cost to maintain design velocities. Amortizing the capital costs in Figure 16 over 20 years on a straight line basis results in the curve illustrated in Figure 17 showing the annual mist elimination cost to produce 100,000 LB/HR (45,350 KG/HR) of steam.
Comparing this total mist eliminator cost curve to that for blowdown (Figure 15 ) when producing 100,000 LB/HR (45,350 KG/HR) of 750 PSIG (5170 kPa) steam, one can see that, except in the range of less than .01% blowdown, the cost of mist eliminators is negligible compared to the value of energy wasted in blowdown.
Concentration of sodium in the steam leaving a
boiler drum is a function of the concentration of sodium entering the drum, the percent of blowdown and the percent of mist carryover in the steam leaving the drum. Thus, if the treated makeup water entering the boiler has 0.1 PPM sodium concentration as the ion (This is equivalent to 0.2 PPM sodium as CaCO 3 .) and blowdown is 0.1%, sodium concentration in the drum will be 100 PPM, i.e. the drum water cycles 1000 times before blowdown. To achieve 30 PPB in the steam from the 100 PPM sodium drum water, it is necessary to employ .03% moisture elimination, i.e. ,,gam x 100 PPM = 30 PPB. 100
If an all volatile pH control is used in the boiler drum, in conjunction with one of the water treatment systems discussed earlier, sodium concentrations in the makeup water are approximately 0.1 PPM (as the sodium ion). If a pH control such as coordinated phosphate is used in conjunction with the same water treatment system, sodium concentrations of the makeup water and orthophosphate entering the drums approach 1.0 PPM. If an all volatile treatment (equivalent of 0.1 PPM sodium) is used, blowdown can be optimized around .01% before reaching the .001% carryover limit of the mist eliminators. 
LB/HR STEAM
Since the mixed bed in both water treatment systems removes all but 10 PPB of the silica (Si0 2 ) in the makeup water and at 750 PSIG (5170 kPa) this is less than the 20 PPB allowable per Table 3 , no blowdown is necessary to keep silica concentration in the steam within limits. Blowdown and mist elimination can be based strictly on the requirements to satisfy the 30 PPB limit on sodium given in the same table.
CONCLUSION
Steam injection into the new breed of high compression ratio industrial gas turbines has dramatically increased power and efficiency while at the same time reducing exhaust emissions. Since impurities in the air, fuel, water and steam entering a gas turbine are strictly limited, the subject of injection steam purity is receiving a good deal of attention as increasing numbers of steam-injected gas turbines go into operation. Impurities in engine inlet air can be virtually eliminated with proper filtration. Impurities common to both injection steam and the natural gas fuel fired in most of today's industrial turbines are easily removed from the water used to produce injection steam leaving only those negligible amounts contained in the gas fuel. All of the remaining steam contaminants which can cause turbine high temperature corrosion or fouling can be eliminated by means of boiler makeup water treatment except sodium and silica.
Either a combination of pretreatment, two-bed (cation and anion) demineralizer and mixed bed demineralizer or reverse osmosis and mixed bed demineralizer reduce the sodium to 0.1 PPM (as sodium) and the silica to 0.01 PPM in the makeup water. The rule of thumb is that a two-bed demineralizer system is most economical if the raw water feeding the treatment system is less than 200 PPM TDS; above 400 PPM TDS, the reverse osmosis system is best; between 200 and 400 PPM a detailed analysis should be performed.
The limit on silica in the steam injected into a high compression ratio gas turbine is 20 PPB. The water treatment systems recommended reduce silica to 10 PPB. As the 10 PPB of silica enter the drum and concentrations increase, silica in the steam stabilizes at 10 PPB which is below the 20 PPB limit.
Thus the only contaminant exceeding allowable limits after the makeup water has been treated is sodium. The limit of 30 PPB of sodium in the steam injected into the turbine can be met with a combination of boiler blowdown and mist elimination in the steam exiting the drum. In order to operate above the practical limit of .001% carryover on the mist eliminators, the optimum blowdown to achieve the prescribed steam quality is .05% when a coordinated phosphate pH control is utilized in the boiler drums and .01% blowdown when an all volatile boiler chemistry is employed.
